An analytical multiphase plume model, combined with time-varying flow and hydrographic fields generated by the 3-D South Atlantic Bight and Gulf of Mexico model (SABGOM) hydrodynamic model, were used as input to a Lagrangian transport model (LTRANS), to simulate transport of oil droplets dispersed at depth from the recent Deepwater Horizon MC 252 oil spill. The plume model predicts a stratification-dominated near field, in which small oil droplets detrain from the central plume containing faster rising large oil droplets and gas bubbles and become trapped by density stratification. Simulated intrusion (trap) heights of~310-370 m agree well with the midrange of conductivity-temperature-depth observations, though the simulated variation in trap height was lower than observed, presumably in part due to unresolved variability in source composition (percentage oil versus gas) and location (multiple leaks during first half of spill). Simulated droplet trajectories by the SABGOM-LTRANS modeling system showed that droplets with diameters between 10 and 50 μm formed a distinct subsurface plume, which was transported horizontally and remained in the subsurface for >1 month. In contrast, droplets with diameters ≥90 μm rose rapidly to the surface. Simulated trajectories of droplets ≤50 μm in diameter were found to be consistent with field observations of a southwest-tending subsurface plume in late June 2010 reported by Camilli et al. [2010]. Model results suggest that the subsurface plume looped around to the east, with potential subsurface oil transport to the northeast and southeast. Ongoing work is focusing on adding degradation processes to the model to constrain droplet dispersal.
INTRODUCTION
We simulate the subsurface dispersal of oil in the Gulf of Mexico resulting from the Deepwater Horizon (DH) MC 252 spill, with the objective of predicting the spread of different size classes of oil droplets over time. At distances greater than a few hundred meters above the deepwater source (depending on ambient current speed and stratification), the buoyant jet, which is formed by the momentum of the initial release and the buoyancies of the gas and oil, breaks down. The subsequent oil dispersal depends mainly on advection and dispersion by ocean currents and on the behavior of oil droplets, which are fractionated into different sizes [Socolofsky and Adams, 2002; Adams and Socolofsky, 2005] . These oil droplets can have orders of magnitude differences in rise velocities (e.g., 6 and 0.06 mm s À1 for 300 and 30 μm diameter particles, respectively) and also change in diameter as they age. These rise velocities fundamentally control whether the droplets reach the surface, and if they form subsurface plumes, and determine the direction and extent of horizontal dispersal. In addition, the use of dispersants changes droplet sizes and can substantially decrease rise velocities which in turn will affect horizontal dispersal [NRC, 2005] .
The objective of our program is to investigate the far-field subsurface and surface dispersal of different size classes of oil released from the DH well. The research presented in this paper includes: (1) a description of the coupled plume, hydrodynamic, and Lagrangian model system applied in this effort, (2) comparison of model predictions with observations of a subsurface plume location [Camilli et al., 2010] , and (3) results of simulations that examine the sensitivity of far-field oil transport on the diameter of oil droplets.
METHODS
This section includes a description of the coupled plume, hydrodynamic, and Lagrangian model system as well as the model simulations that were conducted.
Model Description
2.1.1. Plume model. While more comprehensive integral plume models exist [e.g., Zheng et al., 2003; Johansen, 2003] , we chose to model the behavior of the near-field plume with a set of empirical algebraic equations describing characteristics of multiphase plumes. Multiphase plumes differ from single-phase plumes (e.g., wastewater discharged into seawater) in that the gas bubbles and larger oil droplets that are the source of buoyancy can separate from the entrained seawater plume as it becomes trapped by stratification or deflected by ambient currents. Empirical relationships characterizing multiphase plumes have been developed from laboratory experiments with air bubbles, glass beads (creating inverted, downward falling plumes), crude oil, and buoyant continuous-phase tracers in stratified and flowing conditions [Akar and Jirka, 1995; Socolofsky and Adams, 2002 , 2003 . The experiments indicate that plume characteristics are governed by five parameters: horizontal velocity U; ambient density gradient, given by the buoyancy frequency N = [(Àg/ρ r )(dρ a /dz)] 1/2 ; gas bubble slip velocity u s ; source buoyancy flux B o = Q o (ρ a À ρ o )/ρ r ; and height z above the discharge, where g is gravitational acceleration, ρ r and ρ a (z) are reference and ambient seawater potential densities, and ρ o and Q o are the potential density and volume flow rate of the initial oil/gas mixture.
The exact behavior depends on the relative importance of horizontal currents and stratification (Figures 1a to 1c) , as discussed in the work Socolofsky and Adams [2002] . When horizontal currents dominate, the bubbles and large droplets exit at a separation height h S , leaving a wake of entrained seawater with dissolved and finely dispersed hydrocarbons. When stratification dominates, the plume reaches a peel height h P , where dispersed-phase buoyancy can no longer lift the entrained seawater; an outer downdraught plume of dissolved and finely dispersed hydrocarbons and seawater is created that eventually traps, forming a horizontal intrusion at a level of neutral buoyancy, h T . Laboratory experiments suggest that the plume is dominated by horizontal currents if h S < h P and by stratification if h s > h p . Our recent analysis [Socolofsky et al., 2011] suggests that the DH plume was generally stratification dominated, and hence the main effect of the ambient currents was to carry the intrusions downstream. The trap height of a stratification-dominated plume is given by:
Trap height decreases with ambient stratification, increases mildly with plume buoyancy, and (for moderate rise velocities) shows weak dependence on bubble/droplet size. Additional plume characteristics, including intrusion flow rate, size, and shape are provided in the work of Socolofsky et al. [2011] . Some judgment was necessary in model schematization and parameter selection. Buoyancy is contributed by both oil and gas, so the value of B o was based on B o , oil + B o,gas . Fixed relative proportions of gas and oil were obtained from the work of Lehr et al. [2010] . It is known that some of the natural gas was dissolved in oil, and some reacted with water to form solid hydrate particles. Both processes would result in reduced buoyancy. Buoyancy would also vary with gas expansion and dissolution into water, but because of uncertainty regarding the magnitudes of these processes, it was assumed that all of the natural gas was in the form of pure gas bubbles with constant mass and volume. Prior to 3 June 2010, there were two leaks, separated by several hundred meters. While these likely formed separate, noninteracting plumes, they were treated as a single source. The slip velocity u s describes the motion of the dispersed phase relative to the continuous phase and predicts the tendency for phase separation. Because of their larger size and lower density, gas bubbles rise faster than oil bubbles. Bubbles with sizes of 5 to 20 mm have similar slip velocities (~20 cm s À1 ), while 1 mm bubbles have a slip velocity of 10 cm s À1 , and 0.5 mm bubbles have a slip velocity of 4 cm s À1 [Clift et al., 1978] . Trap heights are insensitive to rise velocity in this range, and we used a value of u s = 0.21 m s
À1
, which matches the velocity of 20 mm bubbles. Finally, vertical profiles of potential density were obtained from conductivity-temperature-depth casts taken near the wellhead. These profiles indicate that potential density varied quadratically with elevation, so equation (1) Hyun and He [2010] . During the DH oil spill event, the output of SABGOM forecasts was incorporated in the multiple-model surface trajectory forecast by researchers at University of South Florida [Liu et al., this volume] and NOAA Emergency Response Division [MacFadyen et al., this volume] . A hindcast was run with SABGOM to provide input to the Lagrangian model (described below). Hourly SABGOM output was stored to resolve changes in current velocities at tidal time scales. Output of the hydrodynamic model included 3-D fields of temperature, salinity, density, and diffusivities, three components of velocity, and sea surface height. An example of current velocities predicted by the SABGOM can be found in Figure 3. 2.1.3. Lagrangian model. The Lagrangian transport model (LTRANS) is adapted for this effort and uses the stored SABGOM predictions to calculate particle movement in 5 min time steps. LTRANS is an off-line particle-tracking model that runs with the stored predictions generated by ROMS models. It tracks the trajectories of particles in three dimensions using advection, mixing, and behavior such as oil droplet rise velocities or swimming behavior for biological particles [North et al., 2006 Schlag et al., 2008] . The off-line design was chosen to focus computational power on running sufficient number of particles to ensure statistical robustness of model results [Brickman and Smith, 2002; Brickman et al., 2009] . It interpolates sea surface height, three components of velocities, salinity, temperature, and diffusivities from the native grid locations and includes a fourth-order Runge-Kutta scheme for particle advection. In addition, a random component is added to particle motion in order to simulate subgrid scale turbulent diffusion [Hunter et al., 1993; Visser, 1997; Brickman and Smith, 2002] using a random displacement model [Visser, 1997] . Vertical boundary conditions are reflective if a particle passes through the surface or bottom boundary due to turbulence or vertical advection. If a particle passes through the surface due to behavior (e.g., oil droplet rise velocity), the particle is placed just below the surface (i.e., it stops near the boundary).
Reflective horizontal boundary conditions are used to keep particles within the model domain, except at open ocean boundaries where particle movement is stopped. Particles were assigned characteristics of oil droplets, including diameter, density, and rise velocity. The size distribution of nondispersed oil emanating from a blowout has been measured in the lab [Masutani and Adams, 2000] , observed in the field [Johansen, 2003] , and simulated theoretically [Chen and Yapa, 2007] . As an example, Masutani and Adams [2000] suggest that over 30% of the oil resulting from a high-energy ("atomizing mode") release may be composed of droplets with diameters of less than 0.5 mm. While there has been virtually no experience with the effectiveness of chemical dispersants applied at the source of a blowout, experiments with dispersants applied at the surface suggest that dispersant may decrease droplet size by one to two orders of magnitude [NRC, 2005] . With this background, droplet sizes in the range of 10 to 300 μm were simulated. Rise velocities were based on the work of Zheng and Yapa [2000] . Oil droplet density was fixed at 858 kg m À3 [Socolofsky et al., 2011], and water density and dynamic viscosity were determined after interpolating SABGOM salinity and temperature to the particle location.
Tests were conducted with passive, neutrally buoyant particles to determine if numerical diffusion was present in the Lagrangian model. Numerical diffusion results in unintended, artificial dispersion of particles and can be especially confounding when rise velocities or advection velocities are small. In the first of two tests for numerical diffusion, vertical and horizontal current velocities were set to zero, and subgrid scale turbulence was turned off. After 100 days, particles were in the same location in which they started. In the second test, particle rise velocities were set to zero, vertical current velocities were set to zero, and subgrid scale turbulence was turned off, so particles were moved only by horizontal advection. After 100 days, particles were at the same depth at which they started, except for those that intersected with the bathymetry. These tests indicate that numerical diffusion is not present in the Lagrangian model and that oil droplet transport is due to the intended physics in the model system.
Coupled Model Simulations
Model simulations were conducted with several fixeddiameter droplet sizes to examine the sensitivity of horizontal and vertical transport to oil droplet diameter. Particles were released in a continuous stream at the location of the DH spill (28.738°N, 88.366°W) beginning on 22 April 2010 and ending on 15 July 2010. The depth of particle release varied with trap height estimated by the plume model (Figure 2 , black dots). The number of particles released per time step was proportional to the time-varying flow rate of oil from the well [McNutt et al., 2011] . Nine simulations were conducted, each with a different initial diameter for the oil droplets, which did not change over the course of the model run (i.e., degradation processes were not included). The diameters were: 10, 30, 50, 60, 70, 80, 90, 100, and 300 μm. A total of 81,609 particles were tracked in each simulation.
Model results were examined to determine which size particles resulted in subsurface plumes. In addition, model results were compared to observations of the subsurface plume on 23-28 June 2010 described by Camilli et al.
[2010] by plotting particle concentrations in relation to the transect on which the subsurface plume was observed [Figure 3A of Camilli et al., 2010] . Finally, the distribution of particles that created subsurface plumes was plotted on 3 May, 3 June, and 3 July 2010 to examine the time evolution of the oil plume and the transport of droplets. Particle numbers were converted to oil concentrations using the known discharge rate of oil and the input droplet rates and sizes. For this purpose, droplets in the slow-rising size range of 10 to 50 μm were assumed to constitute 30% of the released oil, 10% each in a class of 10, 30 and 50 μm. This assumption is based on the conclusion by Ryerson et al. [2011] that up to two thirds of the oil was either captured or found on the surface within a relatively narrow radius of the source.
RESULTS
Model simulations with fixed-diameter particles indicate that oil droplet diameter significantly influenced the transport of oil from the DH spill. Predicted distributions on 3 July indicate that particles ≤50 μm formed subsurface plumes that remained below surface for >1 month ( Figure 4a) ; particles with diameters between 60 and 80 μm rose slowly to the surface, dispersing through the water column ( Figure 4b) ; particles with diameters of 90 and 100 μm rose rapidly to the surface with some subsurface dispersal ( Figure 4c) ; particles with a diameter of 300 μm rose directly to the surface and remained there (Figure 4c ). Note the transport of 300 μm particles to the west at the surface (Figure 4c ), whereas subsurface particles looped around and were transported to the east (Figure 4a ).
On 23-28 June 2010, Camilli et al.
[2010] observed a southwest-tending subsurface plume between 1000 and 1200 m (their Figure 3A) . Model simulations indicate that the plume extended to the east in early May, had a southwest bulge forming in early June, and showed a clear southwesttending plume by 23 June (Figure 5, left panels) . During the time of the Camilli et al. Figure 5 , right panels). This qualitative agreement between model predictions and observations of the subsurface plume is quite good considering the simplified parameterizations of the plume, the single point location of oil release, and the lack of degradation processes associated with oil droplets.
The simulated distributions of 10, 30, and 50 μm droplets reproduce the subsurface plumes extending toward the southwest, as observed by Camilli et al. [2010] . However, particle distributions also suggest that subsurface oil was transported to the east and along the shelf/slope (Figure 6 ) by the predicted currents that tended in that direction (Figures 3d, 3f) . Distinct subsurface plumes appear at 1000-1200 m on both 3 June and 3 July, whereas particle concentrations at mid-depth (400-600 m) and near-surface (0-200 m) on 3 July were more diffuse (Figure 7) . Note that minor concentrations were predicted to be present in near-surface waters on 3 June, over a month after the DH spill had begun. Because degradation processes were not included in these simulations, these distributions can be regarded only as the maximum possible distribution of oil. Ongoing simulations with oil droplet degradation indicate that, although the transport patterns are similar, the extent of oil transport is highly sensitive to degradation processes and could have been less extensive than pictured here.
DISCUSSION
We present a coupled modeling system for simulating the transport of oil droplets dispersed at depth from the recent DH oil spill. An analytical multiphase plume model is used to provide the initial conditions for a LTRANS, which incorporates the output of a 3-D hydrodynamic model (SABGOM) to calculate the trajectory of oil droplets as they ascend and are advected and diffused over time. Numerical tests indicate that particle tracking calculations are not subject to numerical diffusion. Qualitative comparison with observations of the southwest-tending subsurface plume [Camilli et al., 2010] showed good agreement. Model simulations indicate that droplet diameter significantly influenced oil droplet distributions and that oil may have been transported to the east in the subsurface in addition to the southwest. During the DH spill, sampling efforts were concentrated on the west side of the plume, so it is possible that a subsurface plume to the east could have been largely undetected.
The Lagrangian approach has advantages and disadvantages for simulating oil spills. The approach enables simulation of plumes that are smaller than the Eulerian model grid cells. It also can account for the interaction of time-varying droplet characteristics with time-varying physical conditions. Numerous model runs with varying particle characteristics and initial particle locations can be run without recomputing the hydrodynamics. In addition, numerical time steps can be longer, and numerical diffusion does not confound particle motion. The primary disadvantage is that the particle field cannot influence the hydrodynamics by, for example, changing the density or viscosity of seawater. In practice, this restricts the method to low concentrations. Another drawback is that many thousands of particles are required to adequately capture the probability distribution of particle transport. Computational resources can be demanding when running Lagrangian models with appropriate number of particles, although recent rapid increases in computational power diminish this concern. Future oil-spill response models could use this approach to provide real-time forecasts of subsurface oil movement, and ongoing and planned improvements to this coupled model system will likely improve its predictive capabilities. Experimental and theoretical efforts by other investigators will be used to generate oil droplet size distributions with and without the presence of gas and chemical dispersants and predict transport. Instead of releasing particles at a fixed point, releases of clouds of particles corresponding to the dimensions of the trapped plume are ongoing. In addition, we are running sensitivity simulations with droplet degradation rates that correspond with observations by Hazen et al., 2010 and others. Ongoing work is focusing on adding more realistic transformation processes to the droplet model (e.g., degrading droplet diameter and density) allowing the full potential of the Lagrangian approach to be realized.
